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AN EXPERIMENTAL DOCUMENTATION OF PRESSURE GRADIENT AND REYNOLDS NUMBER EFFECTS 
ON COMPRESSIBLE TURBULENT BOUNDARY LAYERS 
* 
M. I. Kussoy, C. C. Horstman, and M. Acharya 
Ames  Research Center 
An experiment is described i n  which at tached supersonic tu rbulen t  
boundary layers ,  with a wide range of adverse pressuxe gradient  s t rengths ,  
w e r e  invest igated f o r  Reynolds numbers from 11.7 x lo6 t o  314 x lo6.  Surface 
pressure and sur face  shear  measurements were obtained f o r  s i x  flow f i e l d s  
over the e n t i r e  Reynolds number range. I n  addi t ion ,  two flow f i e l d s  - one 
with a moderate pressure gradient  and the  o ther  with a severe pressure 
g r a d i e n t -  a r e  thoroughly documented a t  a s i n g l e  Reynolds number. This  
experintental documentation includes both mean and f luc tua t ing  p r o f i l e s  
throughout the  flow f i e l d ,  and is s u f f i c i e n t  t o  de f ine  the  complete flow f i e l d ,  
including the  upstream undisturbed flow region. These da t a  are provided i n  
graphical  and tabular  form i n  s u f f i c i e n t  d e t a i l  t o  va l ida t e  present  o r  f u t u r e  
computer codes afidfor turbulence models. 
INTRODUCTION 
The a b i l i t y  t o  ob ta in  so lu t ions  of complicated f l u i d  flow f i e l d s  of 
p r ac t i ca l  i n t e r e s t  is rap id ly  becoming a r e a l i t y ,  spurred on by phenomenal 
advances i n  both computers and a l s o  by a p a r a l l e l  development of sophis t ica ted  
numerical codes descr ibing the flow. These codes cons i s t  of t h e  Navier-Stokes 
equations combined uith a turbulence model. The development of an adequate 
model w i l l  remove a major l im i t a t i on  t o  cur ren t  e f f o r t s  t o  p red i c t  generalized 
turbulent  flow f i e l d s .  Reference 1 - p r e s e n t s  a summary of recent  advances i n  
compressible turbulent  boundary layer  modeling. Usable codes a r e  ava i l ab l e  
f o r  flows with zero or  very mild pressure gradients .  However, a t  present  
there  a r e  no adequate models ava i l ab l e  t h a t  can cons is ten t ly  be used t o  
pred ic t  flows with adverse pressure grad ien ts  leading up to ,  and including 
separation. To f i l l  t h i s  void, t he re  has been a continuing e f f o r t  a t  A m e s  
t o  s t r u c t u r e  severa l  experimental flows with var ious adverse pressure 
gradients ,  with and without separat ion,  and t o  document these  f lovs .  This  
documentation cons is t s  of experimental measurements of both mean and f luctu-  
a t i n g  quan t i t i e s  obtained on the  sur face  and i n  t he  flow f i e l d .  This 
documentation extends t o  the upstream undisturbed flow region, where measure- 
ments a r e  taken i n  order t o  def ine  condi t ions necessary for  s t a r t i n g  
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computations. Agai~is t  such documented flow f i e l d s ,  var ious computer codes 
and t h e i r  associated turbulence models can be tes ted .  An example of such a 
documented flow was the  i n t e r sec t ion  of a shock wave with a hypersonic 
compressible turbulent  boundary layer  discussed i n  reference 2. I n  t he  
present experimental test program, severa l  individual  flows covering a range 
of adverse pressure gradient  s t rengths  were invest igated over a wide range 
of Reynolds numbers. Selected d a t a  have previously been published i n  the  
l i t e r a t u r e  ( re fs .  3 and 4 ) .  The present  paper provides t he  complete set of 
da t a  a s  wel l  as de t a i l ed  discussions covering the  instrumentation and d a t a  
reduction techniques. 
DESCRIPTION OF EXPERIMENT 
F a c i l i t y  
This experimental inves t iga t ion  was performed i n  the  A m e s  Research Center 
High Reynolds Number Channel a t  a nominal Mach number of  2.3. This is an a i r  
charged b l o w d m  f a c i l i t y  cons is t ing  of a l a rge  s e t t l i n g  tank with flow condi- 
t ion ing  screens and interchangeable test s ec t ions  and nozzles,  each designed 
t o  produce a p a r t i c u l a r  flow. The nominal free-stream t e s t  condi t ions f o r  t he  
present inves t iga t ion  a r e  given i n  t ab l e  1. By varying r e se rvo i r  pressure,  
the Reynolds number could be changed by a f ac to r  of 30. The use fu l  test t i m e s  
var ied from 5 t o  60 min, depending on the  t o t a l  pressure.  Run-to-run var ia-  
t i ons  i n  pressure and Mach number were less than 0.5%. However t h e  wind- 
tunnel t o t a l  temperatures and wal l  temperatures var ied up t o  15 K from run-to- 
run; and during a s i n g l e  run it var ied about 15 K over the  60-min test t i m e .  
Provided the  da ta  were normalized by ac tua l  condi t ions of wal l  temperature and 
t o t a l  temperature corresponding t o  the  time a t  which the  da ta  were recorded, 
no not iceable  e f f e c t s  were observed. 
For t h e  present study, the  f a c i l i t y  consis ted of an axisymmetric contour- 
ed nozzle and an at tached constant aiam=ter t e s t  sec t ion  (diameter 24.77 cm, 
length 270 cm). The average sur face  roughness on the  i n s ide  of  t he  t e s t  
sect ion was approximately '3.4 Pm, an order  of magnitude less than the  minimum 
viscous sublayer thickness encountered during the  present  tests. The down- 
stream end of t h i s  t e s t  s ec t i on  connected t o  a diverging two-dimensional 
d i f fu se r  which was attached t o  la rge  spheres maintained a t  low pressure 
( ~ 0 . 0 3  atm). 
Model and Test Setup 
The test setup is shown s c h e ~ a t i c a l l y  i n  f i gu re  1. It consis ted of a 
centerbody suspended on the  end of a s t i n g  within the constant  a r ea  test 
sect ion.  The compressible turbulent  boundary layer  invest igated developed 
along the  ins ide  of t h i s  t e s t  sec t ion .  The axisynrmetric centerbody shapes 
were designed using inv isc id  c h a r a c t e r i s t i c s  theory t o  produce pressure 
gradient flow f i e l d s  f r e e  of shock waves. Six centerbodies (designated I 
through V I )  were used to  impose adverse pressure gradients  of var ious 
s t rengths  on the  wal l  boundary layer .  When the geometry permitted, the  
bodies were designed t o  impose a region of constant pressure (a pressure 
plateau) following the  adverse gradient ,  and then a region of favorable  
pressure gradient  following tha t .  The nondimensional pressure gradient  
parameter p+ ranged from 0.003 t o  0.131 over the  Reynolds number range 
invest igated f o r  the bodies t e s t ed  i n  t h i s  inves t iga t ion .  As indicated i n  
f i gu re  1, flow-field p r o f i l e s  a s  w e l l  a s  sur face  measurements were obtained 
using a s i n g l e  instrumentation por t  i n  t he  test sec t ion .  Plugs f o r  t h i s  port ,  
3.81 cm i n  diameter, were machined i n  place t o  f i t  i i u s h  (a maximum s t z p  of 
3 pm) with t h e  inner cy l ind r i ca l  surface.  On? plug was instrumented with 
surface sk in - f r i c t i on  gages a s  described balow. Another plug was f i t t e d  with 
a survey mechanism i n t o  which var ious ?robes f o r  probir~g t h e  flow f i e l d  were 
inser ted.  
Instrumentation: Surface Measurements 
Surface pressure.- Wall s t a t i c  pressure taps ,  0.950 cm i n  diameter a t  the  
wall ,  were spaced every 5.08 c m  along the  tube i n  the  region of i n t e r e s t .  
Surface pressures were obtained with s t r a i n  gage absolute-pressure t ransducers  
connected with sho r t  lengths  of s t a i n l e s s  s t e e l  tubing which i n  t u rn  were 
connected t o  the  static taps  along the  wall. 
Surface shear.- Surface shear  was measured using three  techniques: the  
Preston tube ( re f .  5 ) ,  t he  heated-wire technique ( r e f s  . 6-8) , and law-of -the- 
wal l  p l o t s  using flow-field measurements. A sketch of the  Preston tube used 
is presented i n  f i gu re  2. For a l l  t h e  present  test condi t ions t he  probe 
height  w a s  within t he  boundary l aye r  region governed by the  law-of-the-wall. 
The t o t a l  pressure measured by t h i s  probe while touching the  w a l l  could 
therefore  be ana ly t i ca l l y  r e l a t e d  t o  t h e  sur face  shear  ( re f .  5). The heated- 
wire probe was fabricated a s  indicated i n  f tgure  3. The platinum - 10% rhodium 
w i r e ,  0.00254 cm i n  diameter and 0.635 c m  long is heated t o  a predetermined 
temperature; the  sur face  shear  is then r e l a t ed  t o  the  power required t o  keep 
the  wire a t  t he  predetermined temperature. The wire i n  the  present  case  was 
kept a t  the  required temperature by means of a constant temperature anemometer. 
An accurate  wal l  temperature measurement is required a s  an input i n  t he  da t a  
reduction technique ( t o  be discussed below) t o  ob ta in  the sur face  shear .  
In the  present work, the sur face  temperature was obtained by using chromel- 
constantan thermocoulples located up- and downstream of t h e  w i r e  probe. 
These thermocouples had the  same diameter and length a s  t h e  exposed gage w i r e  
and were connected t o  pos t s  of t he  same length and diameter a s  t he  gage posts .  
One thermocouple was placed upstream of t he  heated gage a d i s tance  of 
0.500 cm. Another thermocouple was placed downstream of the  heated gage 
w i r e .  Both thermocouples r eg i s t e r ed  equal sur face  temperatures (within 
0.5 K) .  
Instrumentation: Flow Zield Measurements 
Flow-field surveys were obtained using a mechcl;lism s imi la r  t o  t h a t  shown 
i n  f i gu re  2 of reference 2.  A stepping motor, w+-ch control led r o t a t i o n  of 
1.8O increments, was used t o  d i r e c t l y  d r i v e  a Fawer screw, which moved a 
mounting t ab l e  upon which var ious probes were fastened. The d r i v e  s h a f t  
movement was measured with a prec is ion  potentiometer. Prec is ion  bear ings and 
anti-backlash worm gears  were used throughout. 
Instrumentation: Mean Flow 
P i t o t  pressure.- The probe used t o  ob ta in  p i t o t  pressure i n  t he  flow 
f i e l d  is sketched i n  f i gu re  4. This probe, constructed with s t a i n l e s s  steel 
tubing, w a s  connected a t  t h e  end t o  a s t r a i n  gage abso lu te  pressure transducer.  
S t a t i c  pressure.- S t a t i c  pressures  i n  t he  flow f i e l d  were measured using 
tvo types of probes. The f i r s t ,  shown i n  f i gu re  5(a) was a common-cone 
cyl inder  probe, with t he  s t a t i c  holes  about 10  d I i ~ t e r s  back from t h e  core 
apex. This probe is discussed i n  re fe rence  9. Method-of-characteristics 
computations pred ic t  t h a t  t he  s t a t i c  pressure on t h e  c y l i n d r i c a l  p a r t  of 
the  probe, 10 diameters back from t h e  probe t i p ,  is equal t o  t h e  stream static 
pressure. Viscous i n t e r a c t i o n  cor rec t ions  t o  t h e  measured static pressures  
a r e  negl ig ib le  f o r  the  present  test condi t ions ( re f .  9).  Flow-field s t a t i c  
pressures were a l s o  measured with t he  probe pictured i n  f i g u r e  5(b).  This 
probe, a lo0  half-angle cone, followed by a t r a n s i t i o n  i n t o  a 2' half-angle 
cone followed by a cy l ind r i ca l  s ec t i on  is discussed i n  re fe rences  10  and 11. 
Charac te r i s t ics  so lu t ions  f o r  t h i s  geametry a t  Mach numbers from 1. t o  2.5 
ind ica te  t h a t  t he  pressure measured a t  a point  about 5 diameters back from 
the  cone apex is equal t o  t h e  stream s t a t i c  pressure.  The advantage with 
t h i s  probe is t h a t  t he  sensing holes  can be placed c lo se r  t o  t h e  probe t i p ,  
thus reducing the  e r r o r s  due t o  flow-field s t a t i c  pressure grad ien ts  i n  t he  
streamwise d i rec t ion .  
Tota l  temperature.- Flow-field t o t a l  temperature surveys were obtained 
using a probe f i r s t  proposed by Vas i n  reference 12; t h i s  probe is shown i n  
f igure  6. It can be  seen t h a t  t h e  design is t h a t  of an  unshielded thermo- 
couple with a l a rge  length/diameter r a t i o ,  with t he  supporting posts and a 
t h i rd  thermocouple junction used t o  ob ta in  the  support t i p  temperature. 
With both t h e  temperature of t he  butt-welded thermocouple j o i n t  and t h e  
support end temperature known, the  t r u e  t o t a l  temperature a t  any poin t  i n  
the flow f i e l d  can be obtained by following the  procedure ou t l ined  i n  re f -  
erence 12 t o  co r r ec t  fo r  r ad i a t i on ,  conduction, and recovery fac tor .  
Instrumentation: Fluctuat ion Quant i t ies  
Both s ing l e  hot-wire and dual  wedge hot-film probes, sketched i n  
f igure  7 ,  were used t o  ob ta in  t he  th ree  f l uc tua t ing  ve loc i ty  components and 
turbulent  shear stress. (The method used t o  ob ta in  these q u a n t i t i e s  w i l l  be 
discussed below.) 
The s ing l e  hot wire (diameter 10 Dm, length 0.15 cm) was used f o r  c a l i -  
b r a t i cn  purpoaes. Attempts t o  use t h i s  probe f o r  the  de t a i l ed  flow-field 
surveys f a i l e d  due t o  excessive wire breakage and s igna l  d i s t o r t i o n  caused by 
v ibra t ion  and s t r a i n  gauging e f f ec t s .  Therefore a second s i n g l e  hot wire 
(diameter 10 pm, length 0.15 cm), supported with an epoxy f i l m  (see  r e f .  13) 
was used t o  measure mass flow and t o t a l  temperature f l uc tua t ions  ( f ig .  7(a)) .  
For t he  present test s e r i e s  a s i n g l e  epoxy-backed w i r e  survived over 35 
boundary-layer t raverses .  A commercially ava i l ab l e  dual wedge f i lm probe 
(diameter 0.11 cm) was used t o  ob ta in  t h e  instantaneous r a t i o s  of the  v e r t i c a l  
and t ransverse v e l o c i t i e s  t o  the  mass-f low f luc tua t ions  ( f ig .  7 (b)) . A l l  
probes were opera t td  with constant temperature anemometers. 
Test  Procedure 
The d a t a  were obtained during a s e r i e s  of tests with t h e  tunnel opera t ing  
a t  the  nominal condi t ions noted i n  t a b l e  1. The measured boundary-layer 
parameters immediately ahead of t he  i n t e r a c t i o n  are a l s o  tabulated i n  t a b l e  1. 
For each test condi t ion a s l i g h t  Mach number gradient  (-O.O5/m) ex is ted  i n  
the  test s ec t ion  ahead of t h e  i n t e r ac t i on  because of boundary-layer growth on 
the  wal l  of t he  tube. The measurements were obtained a t  t h e  por t  approximately 
290 cm downstream from the  nozzle th roa t .  This was s u f f i c i e n t l y  downstream 
from boundary layer  t r a n s i t i o n  t o  e s t a b l i s h  a f u l l y  developed equi l ibr ium 
turbulent  boundary l aye r  along the  tube wal l .  The pressure t ransducers  used 
t o  measure sur face  s t a t i c  pressure and flow-field t o t a l  s t a t i c  pressures  were 
ca l ibra ted  before each run by varying the  no-flow wind-tunnel test sec t ion  
pressure. 
During the  t e s t s ,  each centerbody w a s  moved a x i a l l y  over t he  measurement 
loca t ion ,  t o  obtain the  sur face  pressure and sk in  f r i c t i o n  as funct ions of 
x, and was prepositioned a t  s p e c i f i c  a x i a l  loca t ions  f o r  t h e  var ious p r o f i l e  
measurements. The t o t a l  a x i a l  t r ave r se  was about 22 cm. The boundary-layer 
thickness increased about 6% i n  a d i s t ance  corresponding t o  t h e  a x i a l  length 
over which the  centerbody w a s  moved. However, t h i s  increase  had l i t t l e  
e f f e c t  on t h e  experimental r e s u l t s  provided they were compared a t  equivalent 
a x i a l  d i s tances  r e l a t i v e  t o  t he  centerbody. This is i l l u s t r a t e d  by t h e  
pressure measurements shown i n  f i gu re  8 where da t a  f o r  an  ind iv idua l  test run  
from three  pressure o r i f i c e s ,  spaced 10 c m  apa r t  long t h e  tube, a r e  p lo t t ed  
i n  t h i s  manner. 
For the  remainder of t h i s  repor t ,  only average values  of wal l  pressure 
w i l l  be :)resented. For a l l  the  da ta  presented here ,  t h e  indicated a x i a l  
d i s tance  x has been measured from t h e  t i p  of each centerbody. 
Flow-field surveys were obtained using the  p i t o t  pressure,  s t a t i c  
pressure,  total-temperature,  and the  hot-wire and hot-fi lm probes described 
above i n  conjunction with t he  survey mechanism. Each survey was taken during 
a s i n g l e  test run by preposi t ioning the  centerbody. Surveys were made a t  
a x i a l  loca t ions  every 2 cm i n  t he  i n t e r ac t i on  region f o r  two centerbodies 
at Rexto  = 35.3 x lo6.  Additional surveys were made ahead of t h e  i n t e r a c t i o n  
region f o r  t he  remaining Reynolds numbers. I n  t r ave r s ing  t h e  boundary layer ,  
each probe was stopped a t  each loca t ion  fo r  a few seconds t o  ensure t h a t  
there  was no time l a g  i n  the  measurement. The s t a t i c  pressure a t  the  model 
sur face  was monitored continuously during a l l  t raverses  t o  ensure interference-  
f r e e  data .  
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The constant a rea  test sec t ion  i n  which t h i s  inves t iga t ion  was done w a s  
instrumented with s t - ~ t i c  pressure taps  a t  points  along the  circumference 
(0°, 6S0, and 180°) a t  se lec ted  a x i a l  s t a t i ons .  Variat ions i n  these  da t a  
around the  tube were within the  experimental accuracy of the  measurements. 
Thus i t  was concluded t h a t  the flow was axisymmetric. 
DATA RE WCTION 
Mean Flow Measurements 
Surface quant i t ies . -  A d i r e c t  measurement of sur face  shear was not 
possible  f o r  these  t e s t s  and thus ind i r ec t  methods were used t o  obta in  these 
data.  The sk in  f r i c t i o n  was measured using the heated-wire technique 
( re fs .  6-8) described above, from Preston tube measurements ( re f .  5), a d  from 
law-of-the-wall p l o t s  using the  mean flow-field measurements. For each test 
run the  heated-wire gages were ca l ibra ted  i n  the  upstream boundary l aye r  
ahead of the  in t e rac t ion  a t  f i v e  values of w a l l  shear  (obtained by varying 
wind-tunnel t o t a l  pressure).  For t h i s  ca l ib ra t ion  the  wal l  shear  w a s  
determined from t h e  Preston tube measurements and law-of-the-wall p lo ts .  
Wall shear fo r  the  upstream turbulent  boundary l aye r  w a s  a l s o  computed using 
a f in i te -d i f fe rence  boundary-layer program discussed i n  re ference  14 t h a t  
was modified fo r  turbulent  flows by Marvin and Sheaffer. The turbulence 
model employed was a two-layer eddy-viscosity model described i n  reference 15. 
The computed turbulent  boundary layer  on a f l a t  p l a t e  w a s  allowed t o  grow 
u n t i l  its displacement thickness w a s  equal  to t h a t  measured (upstream of t he  
in te rac t ion) ,  and the wall  shear was taken a t  tha: point .  For t he  upstream 
boundary layer ,  t he  sur face  shear obtained from the  th ree  methods discussed 
above (Preston tube, law-of-the-wall, and boundary-layer computations) agreed 
within 3%. 
A typ ica l  ca l ib ra t ion  p lo t  f o r  the  gage is shown i n  f i gu re  9. The 
ca l ib ra t ion  curve would have passed through the  o r i g i n  i f  t he  r e x o l i t e  
subs t r a t e  were a per fec t  insulator .  A p lo t  of a typ ica l  w a l l  shear d i s t r i -  
bution is shown i n  f i gu re  10. Results from a l l  t h r ee  measurement techniques 
a r e  shown. (The law-of-the-wall r e s u l t s  a r e  only shown f o r  those x loca- 
t i ons  where a d i s t i n c t  law-of-the-wall portion of t he  ve loc i ty  p r o f i l e  could 
be ident i f ied . )  I n  the  l a rge  adverse pressure gradient  region (26 < x < 38) 
the Preston tube data  a r e  a l so  inval id.  Since both the Preston tube and 
la rof - the-wal l  techniques a r e  uncertain i n  regions of adverse pressure 
gradients  a s  wel l  as requir ing addi t iona l  flow-field measurements, only the  
r e s u l t s  from the  heated-wire gage w i l l  be presented i n  t he  remaining port ions 
of t h i s  paper. 
For each t e s t  run, da ta  from two heated-wire gages, located 2 cm apa r t  
i n  t he  a x i a l  d i rec t ion ,  were obtained. I t  is seen t h a t  there  is s ign i f i can t  
s c a t t e r  i n  the da ta ,  espec ia l ly  fo r  l a rge  values of x. This s c a t t e r  is due 
i n  pa r t  t o  the turbulent f luc tua t ions  detected by the gauges a s  wel l  a s  t o  
the  bas ic  uncer ta in t ies  i n  t he  measured quant i t ies .  For the  r eminde r  of 
t h i s  repor t  only average values of sk in  f r i c t i o n  fo r  each t e s t  configuration 
w i l l  be presented, with appropriate  s c a t t e r  bars.  
Flcw f i e l d  q u a n t i t i e s . -  Veloci ty ,  d e n s i t y  and p ressure  p r o f i l e s  were 
obta ined from p i t o t  and s t a t i c  p ressure  and t o t a l  temperature surveys.  These 
d a t a  w i l l  be  discussed i n  t h e  s e c t i o n  on experimental  r e s u l t s .  Correct ions  
t o  t h e  d a t a  obtained from t h e  t o t a l  temperature probe f a r  r a d i a t i o n ,  conduc- 
t i o n ,  and recovery f a c t o r  were made fol lowing t h e  m e t h ~ d  of Vas i n  r e f e r -  
ence 12. A t y p i c a l  survey o f  cor rec ted  f low-f ie ld  total temperature 
normalized by r e s e r v o i r  t o t a l  temperature v s  y is shown i n  f i g u r e  11. For 
t h e  present  tests t h e  measured va lues  of t h i s  normalized t o t a l  temperature 
r a t i o  were e s s e n t i a l l y  constant  everywhere i n  t h e  flow f i e l d  ( t h e  maximum 
v a r i a t i o n  was 0.5%). Therefore,  a cons tan t  t o t a l  temperature equa l  t o  t h e  
free-stream t o t a l  temperature was used i n  t h e  d a t a  reduc t ion  procedure f o r  
t h e  v e l o c i t y  and d e n s i t y  p r o f i l e s .  
F luc tua t ing  Measurements 
The t h r e e  f l u c t u a t i n g  v e l o c i t y  components and t u r b u l e n t  shear  stress 
were obtained from t h e  s i n g l e  hot-wire and d u a l  hot-fi lm probe us ing  t h e  d a t a  
reduc t ion  technique descr ibed below. Spectrum a n a l y s i s  e s t a b l i s h e d  t h a t  t h e  
usab le  frequency range f o r  a l l  probe-s used was over 100 kHz and subsequent 
d a t a  a n a l y s i s  ind ica ted  t h a t  l e s s  than 1% of t h e  flow energy was contained i n  
f requencies  above 80 kHz.) 
The p r i n c i p a l  d i f f i c u l t y  i n  us ing ho t  wi res  and f i lms  i n  compressible 
f low is t h a t  t h e  sensor responds t o  v e l o c i t y ,  d e n s i t y ,  and t o t a l  temperature 
f l u c t u a t i o n s  and, i n  general ,  e x h i b i t s  a d i f f e r e n t  s e n s i t i v i t y  t o  each one. 
However, it has  been shown by Morkovin ( r e f .  16) f o r  supersonic  speeds,  and 
by Horstman and Rose ( r e f ,  17) f o r  t r anson ic  speeds, t h a t  t h e  d e n s i t y  and 
v e l o c i t y  s e n s i t i v i t i e s  a r e  equal f o r  s p e c i f i c  t e s t  cond i t ions .  It has  been 
shown i n  r e f e r e n c e  17 t h a t  t h e  sensors  respond t o  mass flow r a t h e r  than 
d e n s i t y  and v e l o c i t y  s e p a r a t e l y ,  independent of t h e  Mach number, provided t h e  
Reynolds number, based on sensor  d iameter ,  i s  g r e a t e r  than 20 and t h a t  t h e  
temperature overheat  is g r e a t e r  than 0.4. The m'.nimum sensor Reynolds number 
f o r  t h e  present  i n v e s t i g a t i o n  was 30. The wire-overheats were u s u a l l y  g r e a t e r  
than 1.0. The epoxy-backed normal wi re  was used t o  measure t h e  mass flow and 
t o t a l  temperature f l u c t u a t i o n s  us ing Kovasznay's mode diagram approach 
( r e f .  18) .  Since  t h e  epoxy-backed wi re  could be a f f e c t e d  by thermal feedback 
problems which can cause the probe s e n s i t i v i t i e s  t o  be func t ions  of frequency 
( r e f .  l i ) ,  a dynamic c a l i b r a t i o n  technique was employed t o  determine t h e  
mass-flow s e n s i t i v i t y .  Both the bare wire  and epoxy-backed probes were 
c a l i b r a t e d  and used t o  measure t h e  mass-flow f l u c t u a t i o n s  i n  t h e  undisturbed 
boundary l a y e r .  (The c a l i b r a t i o n s  were performed both  i n  t h e  f r e e  stream, 
varying t h e  tunnel  t o t a l  p ressure ,  and by t r a v e r s e s  through t h e  previously  
measured boundary l a y e r . )  By comparing t h e  measurements obta ined by t h e  two 
probes, c o r r e c t i o n s  t o  the  epoxy-backed probe s e n s i t i v i t y  c o e f f i c i e n t s  were 
determined. These c o r r e c t i o n s  were found t o  be a func t ion  of probe Reynolds 
number, varying from 30% a t  t h e  lowest t o  5% at t h e  h ighes t  Reynolds numbers 
t e s t e d .  Using t h e  cor rec ted  mass-flow s e n s i t i v i t y  c o e f f i c i e n t s ,  t h e  mass- 
flow and t o t a l  temperature f l u c t u a t i o n s  were measured us ing t h e  mode diagram 
approach a t  s e v e r a l  l o c a t i o n s  i n  the  f low f i e l d .  Three t y p i c a l  mode diagrams 
a r e  shown i n  f i g u r e  12 fo r  t h e  upstream boundary l a y e r .  The temperature 
s e n s i t i v i t y  STo decreases with increasing overheat while t he  mass-flow 
s e n s i t i v i t y  SpU remains r e l a t i v e l y  constant.  Thus, t he  i n t e r cep t  on t h e  
ordinate ,  where ( S ~ ~ I S T ~ )  + 0 ,  gives  the  i n t e n s i t y  of the  t o t a l  temperature 
f luc tua t ions  while the  s lope of the  curve a t  high values  of Spu/STo y i e ld s  
the  i n t ens i t y  of t he  mass-flow f luc tua t ions .  It should be noted t h a t  a t  very 
low overheats,  a  constant temperature system has poor frequency response; 
and s ince  the  dens i ty  and ve loc i ty  s e n s i t i v i t i e s  may no longer be equal, 
e r r o r s  coilld be introduced i n  a  measurement of the  t o t a l  temperature f luctua-  
ticlr. Even so, i t  can e a s i l y  be seen from f igu re  12 t h a t  t he  l e v e l  of 
temperature f l uc tua t ions  i n  t he  boundary layer  was very small (much l e s s  than 
I % ) ,  and tha t  t he  sensor responded so l e ly  t o  the  mass-flow f luc tua t ions ,  
espec ia l ly  a t  t h e  higher overhsats.  With the exception P' t h e  da t a  obtained 
fo r  modal ana lys i s  p lo t s ,  a l l  probes were operated a t  high overheats 
(Spu/STo > 1.5) where t he  t o t a l  temperature f l uc tua t ions  could be neglected. 
To obta in  t he  ve loc i ty  f l u c t ~ a t i ~ s n s  from the mass-flow f luc tua t ions  the  
equations out l ined i n  reference 17 were used, assumfng neg l ig ib l e  t o t a l  
temperature and pressure f luc tua t ions .  A 1% t o t a l  temperature f l uc tua t ion  
( the  maximum value fo r  the  present t e s t s )  would r e s u l t  i n  a maximum e r r o r  
of 10% i n  the  in fe r red  ve loc i ty  f luc tua t ion .  The l a t e r  assumption of negl i -  
g ib l e  pressure f luc tua t ions  has been shown t o  be va l id  a t  t he  present  Mach 
numbers ( re fs .  17,19) even i n  the  presence of oblique shock waves. 
To measure the  v e r t i c a l  and t ransverse ve loc i ty  f l uc tua t ions  and the  
turbulent  shear  s t r e s s  the dual  wedge f i lm  probe was used. By operat ing the  
probe a t  a  s i n g l e  high overheat and only measuring r a t i o s  of f l uc tua t ing  
voltages,  t he  only ca l i b r a t i on  measurements required were ve l a t i ve  measure- 
ments of the  mean vol tages  t o  insure  the  two f i lms  had equal s e n s i t i v i t i e s .  
The da ta  reduction techniques and equations uszd a r e  described i n  re fe r -  
ences 17 and 20. A turbulent  Prandt l  number equal t o  0.9 was assumed i n  t he  
da ta  reduction procedure. 
During the  course of t h i s  inves t iga t ion  i t  was found t h a t  t h e  f l uc tua t ing  
v e l o c i t i e s  could be determined a t  l oca l  t ransonic  Mach numbers but t h a t  t h e  
turbulent  shear stress could not.  This is  bes t  i l l u s t r a t e d  by examining the  
output of t he  dual wedge sensor a s  a  funct ion of height above the  wall ,  a s  
shown i n  f igure  23. Three q u a n t i t i e s  a r e  p lo t ted :  t he  r m s  sum of the  
outputs of thc  two f i lms (proport ional  t o  mass flow), t he  r m s  d i f fe rence  of 
the outputs  of the two f i lms (proport ional  t o  v e r t i c a l  ve loc i ty ) ,  and the  
cor re la t ion  coe f f i c i en t  R (proport ional  t o  t he  turbulent  shear  s t r e s s j .  
Both the  mass flow and v e r t i c a l  ve loc i ty  f luc tua t ions  appear normal and show 
no s t range behavior near t he  wall .  However t he  co r r e l a t i on  coe f f i c i en t  
decreases t o  almost zero near the wall  (where the  l o c a l  Mach number is  equal 
t o  1.2). A t  f i r s t  i t  was assucned t h i s  was a  wal l  in te r fe rence  e f f e c t ,  but 
by examining addi t iona l  boundary-layer t r ave r se s  through the  i n t e r ac t i on  
regions i t  was found t h a t  t h i s  drop-off i n  R always occurred a t  a  l o c a l  
Mach number equal t o  1.2, independent of y. This suggests t h a t  t h e  drop-off 
is  due t o  probe in te r fe rence ,  caused by the rapid formation of detached and 
attached shock waves a r i s i n g  from t h e  l oca l  flow f luc tua t ions  on the  t i p  of 
the probe. This same phenomenon wab observed i n  re fe rence  13. I n  t he  r e s u l t s  
sec t ion  of t h i s  paper no shear s t r e s s  da ta  a r e  presented fo r  l o c a l  Mach 
numbers l e s s  than 1.3. 
Experimental 3nce r t a in t i e s  
The experieental  u e r t a i n t i e s  i n  t he  sur face  pressure a d  sk in  f r i c t i o n  
were estiaated t o  be 252 and 5152, respect ivelv.  The uncertainty in y is 
zQ-01 u. The experimental rlncerraint ies i n  t he  rcean f lou-f i e l d  d a t a  are 
'0 .5;  f o r  the t o t a l  temperature, 210% f o r  the s t a t i c  pressure,  ?OX f o r  t he  
static temperature, 2122 f o r  densi ty ,  end 51% f o r  the  veloci ty .  The cncer- 
t a i n t i e s  i n  t he  flow-field var iab les  are due pr inc ipa l ly  t o  zero o t f s e t s  i n  
the pressure measurements. S i w e  each survey was obtained with a single 
probe, the  uncertainty of the  v e r t i c a l  var iazion in these  f lov-f ield q u a n t i t i e s  
is s ign i f i can t ly  less than the  numbers quoted above. 
The experimental uncer ta in t ies  i n  t he  i luct-aat ing f l e i  i e l d  q u a n t i t i e s  
d u ~  t o  the  various ass inpt ions  employed and c a l i b r ~ t i o n  e r r o r s  are 5152 f o r  
:he f luc tua t ing  ve loc i ty  corponents and 220% f o r  the  turbulent  stress. 
EXPERHENTAL RESULTS 
Six centerbodies (designated I through VI) w e r e  used t o  irpose adverse 
pressure gradients  of v a r i o t ~ s  s t r ecg ths  on t h e  w a l l  boundary layer .  h n  
surface Peasurerents w e r e  obtained f o r  eacb centerbody at  four  Reynolds 
numbers: R e d  = 11.7 x lP6; 35.3 x lo6; iO5 x lo6; and 314 x lo6. Hean 
flow-f i e ld  da ta  were obtained upstream of  t he  in t e rac t ion  region a t  a l l  four  
Reynolds umbers  and f o r  two centerhadies  (I1 and IV) at a Reynolds nuaber 
of 35.3 x lo6 throughout the  flow f i e ld .  Fluctuat ing flow-f i e l d  da t a  wre 
masured i n  t he  upstream boundary layer  f o r  t'e th ree  lower Reycolds numbers 
and throughout the flow f i e l d  f ~ r  two cen te r t  d i e s  (I1 and IV) a t  a Reynolds 
cumber of 35.3 x lo6. These data ,  presented i n  both tabular  and graphical  
form, w i i l  be discussed i n  t h i s  sect ion.  
Local Free-Stream C o d i t i o n s  
The nominal free-stream conditions and the  boundary-layer parameters 
ahead c f  the in te rac t ion  region a r e  given i n  t a b l e  1 f o r  the  four test 
pressures (and Reynolds numbers) of t h i s  invest igat ion.  The s l i g h t  d i f f e r -  
ences i n  Xach number were caused by small di f fe rences  i n  t h e  boundary-layer 
growth i n  the nozzle throa t .  
Surf ace Measurements 
Detailed surf ace pressure and skin-f r i c t  ion coe f f i c i en t  d i s t r i b u t i o n s  
a r e  shown for  centerbodies I t o  VI i n  f i gu re  14. Since the nondhensional  
pressure d i s t r i b z t i c n  on the tunnel wal l  f o r  a given body was e s s e n t i a l l y  
indeperjent of Reynolds number, only one average curve is shown f o r  each body. 
The sk in  f r i c t i o n  data  represent average values with appropriate  s c a t t e r  bars  
for  run-to-run var ia t ion  as well a s  the  basic  uncer ta in t ies  i n  the daca. 
For each centerbody, da t a  were taken a t  four d i f f e r e n t  Reynolds numbers as 
shown i n  the  figure. The raxium value of the p a r m t e r  p+, a ressure of 
the  strength of the adverse pressure gradient, is noted fo r  each centerbody 
at each Reynolds number rested. (The centerbodies designated A rod B i n  
ref.  3 correspond t o  certerbodies I1 a d  IV, respectively, in t h i s  paper.) 
These data are a l s o  tabulated i n  t ab le  2. The r a t i o  of w a l l  shear t o  its 
initial value is also given i n  t h i s  table. Where space and tunnel blockage 
considorations allowed, the centerbodies vere designed t o  iqress an adverse 
pressure gradient followed by a plateau region of coastant pressure t o  permit 
the study of e f f e c t s  of h is tory  on the  flow. P%nterbodies I, 11, Pad I11 
have these long pressure pJzfcau regions. Centerbodies IV and V resulted in 
sborter  plateau regions followed by favorable pressure gradients. Center- 
'body V I  has the  same overa l l  pressure rise as centerbodies N and V but the  
pressure gradient is spread over a ruch longer axial distance. 
We can note several  things about the  skin-friction data. As expected, 
the i n i t i a l  value of Cf, decreases a s  Reynolds mmber increases. A t  the  
lovest Reynolds numbers the data shov the  rost streamuise var ia t ion  in sktn  
f r i c t i o n  and at the highest Reynolds numbers there is very l i t t l e  str-ise 
variation. A t  l a rge  x ( G C  a) the  sk in  f r i c t i o n  is higher than the  i n i t i a l  
value f o r  the  lover Reynolds numbers, a d  the reverse (with l imr exceptions) 
is true for  the  higher Reynolds numbers. These results are independent of 
whether the  pressure d i s t r ibu t ion  has a long plateau (I, 11, III), shor t  
plateau (IV, V I ) ,  o r  no plateau (V). 
Flow-Field Measurements: Upstream Boundary Layer 
Mean flow measurements.- Upstream mean boundary-layer p ro f i l e s  were 
obtained for  all  four test c o n d i t i ~ n s ;  the r e s u l t s  a r e  tabulated i n  t ab le  3. 
The integrated values of incoaprtssible and compressible displacement and 
mrentum thicknesses are given i n  t ab le  1. Also included is the boudary- 
layer thickness used fo r  the  upper l i m i t  of integration. In  f igure  15  the  
mean velocity prof i les  transformed i n t o  incompressible coordinates v ia  the  
Van Driest I1 transformation (ref .  21) a r e  shown i n  law-of-thesfall 
coordinates. Also shown is Coles* (ref .  22) universal law-of-the-wall. The 
good agreement v e r i f i e s  the  presence of a fu l ly  developed turbulent bouadary 
layer. 
Fluctuating measureslents.- Root-mean-square f luctuat ing veloci ty ;.nd 
turbulent shear stress prof i les  a r e  s h m  i n  f igures 16 a d  17, a d  a r e  
tabulated in  table  4. Data w e r e  not obtained at the highest 2eymlds number 
(105 x lo6) for  the ve r t i ca l  component (<vB>O and the $5-r s t r e s s  T i n  the  
outer half of the boundary layer s ince higher prob. p:lver requirements a t  t h i s  
Reymlds number could not be m e t  with the  available equipment. Examination 
of the f luctuat ing velocity p ro f i l e s  shows tha t  the data a r e  e s sen t i a l ly  
independent of Reynolds number. 
Pressurc Gradient Region 
Mean flow measurements.- The mean flaw-field r e su l t s  obtained for  center- 
bodies I1 and I V  a t  a Reynolds number of 35.3 x lo6 a r e  tabulated i n  tables  5 
and 6. The integrated values of incompressible and compressible displacement 
and meentun thicknesses a r e  given i n  t ab l e s  7 and 8. Also i n c l d e d  is the 
-3oundary-layer t h i c b e s s  used f o r  t he  upper l i m i t  of i n t eg ra t ion  f o r  each 
profi le .  The ve loc i ty  m e a s u r e m t s  are shovn i n  f i gu re  18. Centerbody 11 
(see f ig .  14(b)) had a s t rong  adverse pressure gradient  (p+ = 0.018) followed 
by a iong plateau. The ve ioc i ty  p r o f i l e s  ( f ig .  18) shau a r e t a rda t ion  i n  the  
adverse pressure gradient  region hut recover t o  an  equilibrium p r o f i l e  a t  t h e  
downstream s t a t ibn .  Centerbody I V  resu l ted  i n  a r a t h e r  severe adverse 
pressure gradient  (p+ = 0.042) followed by a sho r t  plateau and then a favor- 
ab l e  pressure gradient  ( f ig .  14(d)). The ve loc i ty  p r o f i l e s  ( f ig .  18) show 
a strong re ta rda t ion  i n  t he  adverse pressure gradient  region aad a rapid 
recovery dcunstream. 
Fluctuating wasurements.- The f luc tua t ing  flow-field d a t a  obtained f o r  
centerbodies 11 and IV at a Reynolds nrnber of 35.3 x lo6 are tabulated i n  
tab les  9 and 10. The root-mean-square turbulent  k i n e t i c  energy a d  turbulent  
shear stress ~ r o f i l e s  a r e  also shovn i n  f i gu res  1 9  and 20. The solid syrbols  
i n  f igure  2C represent  the w a l l  shear measu-nts shorn i n  f i gu re  14. For 
centerbody II, the turbulent  k ine t i c  energy and turbulent  shear  stress 
p r o f i l e s  both s b  increases  i n  the  adverse pressure gradient  region. Bow- 
ever,  i n  the  downstream plateau region, t he  turbulent  k i n e t i c  energy d i s t r i -  
butions begin t o  r e l a x  t o  an  equilibrium p r o f i l e  while  t h e  shear  stress 
d i s t r i bu t ions  do not. For centerbody I V ,  the  turbulent  k i n e t i c  energy and 
shear-s tress  p r o f i l e s  c l e a r l y  show the  e f f e c t s  of both adverse and favorable  
pressure gradients.  The adverse gradient  increzses  both the  k i n e t i c  energy 
and shear s t r e s s  i n  t he  flow f i e l d  v n t l e  the  w a l l  shear  decreases. The e f f e c t  
of t he  favorable gr d i e f i t  is opposite. 
CONCLUDING 
A deta i led  experimental inves t iga t ion  of  a t tached turbulent  boundary 
l aye r s  over an extensive range of Reynolds numbers '\I1 - 7  x 10' t o  314 x lo6) 
is presented. Experimental measurements were obtained f o r  adverse pressure 
gradients  rarging from mild (?+ = 0.003) t o  severe (P+ = 0.131) i n  shock-free 
flov. Mean measurements (surface presswze, sur face  shear,  and pressure and 
temperature p ro f i l e s )  and f luc tua t ing  mearurePents ( three  ve loc i ty  f l u c t w t i o a  
components and turbulent shear s t r e s s  p ro f i l e s )  w e r e  obtained. The tabulated 
r e s u l t s  presented i n  t h i s  report  provide, i n  s u f f i c i e n t  d e t a i l ,  experimental 
da t a  for  va l ida t ing  present o r  fu tu re  computer codes andfor turbulence oodels. 
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TABLE 10.- BOUNDARY-LAYER PROFILES - CENTERBODY IV PLUCNATINC MEM- 
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Figure 1.- Experimental t e s t  setup.  
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Figure 2 . -  Preston tube detai l s .  
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Ffqure 3.-  Surface shear stress gaga. 
Figure  $ .- P i t o t  p r e s s u r e  probe.  
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(b) "PINCKNEV" Static Probe 
Figure 5.- S t a t i c  prec:s:trc probes. 
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Figure 6.- Total temperature probe. 
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(a) Single hot wire (shown with epoxy backlng).  
Figure 7 .- Hot-wire and hot-film probe ... 
e 
(b) Hot-f iln probe. 
Figure 7.- Concluded. 
PRESSURE I TAP 
Figure 5.- Typical wall-pressure distributions, centerbody IV, 
Re = 35.3~10~. 
X '  
0 
. -gure 9 . -  Typical calibration of surface she?r so rest  &age. 
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Figure 10.- Typical surface shear s t re s s  distribution,  centerbody I V ,  
Re = 3 5 . 3 ~ 1 0 ~ .  
x'  
0 
Figure 11.- Typical total  temperature variation across the boundary layer, 
centerbody 11, Rex, = 35.3~10~. 
0 
Figlre 1 2 . -  Kode diagrams for the upstream boundary layer, Rex, = 3 5 . 3 ~ 1 0 ~ .  
0 
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Figure 13.- Fluctuating voltage and correlation coef f ic ient  distributions 
across the boundary layer, centerbody I V ,  x = 24.4  cm, Rex, = 3 5 . 3 ~ 1 0 ~ .  
0 
Re,, = 11.7 x 108, p+ max = 0.012 
2.0 r 
0 0  
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Re,. -: 105 x lo6, p+ max = 0.003 
0 
' 1 . 5 r  
Re,. = 314 x l ~ ~ ,  p+ wax = 0.001 
0 
(a) Cen te rbody  I. 
Figure 1 4 . -  S u r f a c e  p r e s s u r e  and s k i n - f r i c t i o n  n e a s u r e m e n t s  a t  C o u r  
Reynolds  numbers. 
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c8 1.5r Re,. = 1 ( 6 x  1d, p* mu=O.008 
a 
Re,. = 3 5 3 x  ld.p+mu= 0.018 
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lb-- 0 $ 0 0  00 
(b) Centerbody 11. 
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Figure 14.- Continued. 
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( c )  Centerhody 111. 
Figure 14.-  Continued. 




(d )  Centerbody IV. 
Figure 14.- Continued. 
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Re,. = 11.7 x 106, p+ max = 0.123 
0 
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(e) Centerbody V. 
Figure 14.- Continued. 
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Figure 1h.- Concluded. 
97 
Roc*, x lo-= 
0 11.7 
0 35.3 A 
0 
h 314.0 
Figure 15.-  Mean velocity distributions i n  law-of-the-wall coordinates for 
the upstream boundary layer. 
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(a)  <u '> .  
Figure 16 . -  Veloci ty  f luc tuat ion  d i s t r i b u t i o n s  across  the  upstream boundary 
layer  a t  three Reynolds numbers. 
(b) <v'>. 
Figure 16.- Continued. 
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( c )  <wl>. 
Figure 16.- Concluded. 
Figure 17.- Turbulent shear s tress  distributions across the upstream bouadary 
layer at three Reynolds numbers. 
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(a) Centerbody 11. 
Figure 18.-  Veloci ty  p r o f i l e s  across  the f low f i e l d ,  Rex, = 3 5 . 3 ~ 1 0 ~ .  
0 
(b) Centerbody I V .  
Figure 18. - Concluded. 
ORIGINAI: PAGgi IP 
OF POOR QU- 
( a )  Centerbody 11. 
F i g u r e  19.- Tu rbu len t  k i n e t i c  ene rgy  p r o f i l e s  a c r o s s  t h e  flow f i e l d ,  
R e  = 3 5 . 3 x 1 0 6 .  
X' 
0 
(b) Centerbody I V .  
Figure 19. -  Concluded. 
(a) Centerbody 11. 
Figure 20.- Farbulent shear stress profi les  across the flow f i e ld ,  
Rex. o = 35.3x106. 
(b) Centerbocy IV. 
Figure 20.- Concluded. 
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